Freshwater nitrate contamination is a growing international concern. Although the drinking water standard is 10 mg/L nitrate--nitrogen (NO~3~--N) in the United States and 11.3 mg/L NO~3~--N in Europe ([@b11-ehp0114s1-000069]; [@b39-ehp0114s1-000069]), natural water bodies can exceed 100 mg/L nitrate \[reviewed by [@b30-ehp0114s1-000069]\]. In Iowa a statewide well-water survey reported that 18% of rural drinking water wells were contaminated with nitrate concentrations that exceeded 10 mg/L NO~3~--N ([@b22-ehp0114s1-000069]).

Nitrate usually enters surface and ground water in runoff from point and nonpoint sources, including fields, golf courses, private gardens, livestock feedlots, and sewage treatment facilities ([@b3-ehp0114s1-000069]; [@b17-ehp0114s1-000069]). Under normal circumstances, aquatic nitrogen is naturally cycled by bacterial and plant communities. However, if these organisms are limited (e.g., low light, low phosphorus) and unable to remediate excess nitrate concentrations, nitrate can accumulate. Elevated aquatic nitrate potentially affects reproduction and survival of exposed animals by directly influencing their physiology \[reviewed by [@b13-ehp0114s1-000069]\].

Aquatic animals are exposed to nitrate primarily through ingestion or epithelial absorption across gills or skin ([@b28-ehp0114s1-000069]). In crabs, nitrate can cross the gills, sometimes against a concentration gradient, by substituting for chloride (Cl) in the chloride-bicarbonate exchange mechanism that normally regulates the osmotic and respiratory functions of the gill ([@b24-ehp0114s1-000069]; [@b28-ehp0114s1-000069]). The ability of the gill epithelium of freshwater fish to accumulate Cl^−^ suggests that nitrate can also accumulate, as shown in tiger prawns ([@b6-ehp0114s1-000069]). Thus, as is the case with chloride, the circulating nitrate concentration can exceed that of the surrounding water.

Evidence suggests that sensitivity to nitrate is species-specific. [@b18-ehp0114s1-000069] reported larval mortality of Chinook salmon, rainbow trout, and cutthroat trout at concentrations as low as 2.3--7.6 mg/L NO~3~--N. The 96-hr LC~50~ (median lethal concentration) for fathead minnow larvae is 1,341 mg/L NO~3~--N ([@b34-ehp0114s1-000069]), and the lethal dose for adult and juvenile medaka is 100 mg/L NO~3~--N ([@b36-ehp0114s1-000069]).

A range of sublethal effects of nitrate has also been reported. For example, [@b12-ehp0114s1-000069] observed increased apoptosis and reduced cell number in cultured preimplantation mouse embryos exposed to 1 mg/L ammonium nitrate. In an accumulated nitrate test, in which nitrate built up over the course the experiment, [@b36-ehp0114s1-000069] observed delayed hatching time and reduced fertilization and hatching rates of eggs produced by adult medaka exposed for 2 months to a maximum of 75 mg/L NO~3~--N. In that test, the offspring also exhibited reduced juvenile growth rates. At 50 mg/L NO~3~--N, [@b36-ehp0114s1-000069] observed reduced spawning and fecundity (measured as egg number) among adult medaka exposed to nitrate as juveniles.

In mammals, nitrate can be converted by reversible reactions *in vivo* to nitrite and then nitric oxide (NO) ([@b21-ehp0114s1-000069]; [@b25-ehp0114s1-000069]; [@b29-ehp0114s1-000069]; [@b32-ehp0114s1-000069]; [@b41-ehp0114s1-000069]). Several authors have suggested that nitrate influences vertebrate reproduction by affecting steroid hormone balance or NO regulation ([@b9-ehp0114s1-000069]; [@b29-ehp0114s1-000069]; [@b40-ehp0114s1-000069]). For example, the mammalian ovarian cycle and ovulation are regulated, in part, by interactions among gonadotropins, progesterone, estradiol, and NO ([@b1-ehp0114s1-000069]; [@b31-ehp0114s1-000069]; [@b40-ehp0114s1-000069]; [@b42-ehp0114s1-000069]). Essentially, NO appears to reduce steroid hormone synthesis by inhibiting several steroidogenic enzymes or other major factors in the steroidogenic pathway. These include steroidogenic acute regulatory protein (StAR), and the enzymes P450-sidechain cleavage (P450~SCC~), 3β-hydroxysteroid dehydrogenase (3βHSD), and aromatase ([@b9-ehp0114s1-000069]; [@b29-ehp0114s1-000069]; Stocco DM and Guillette LJ, unpublished data; [@b40-ehp0114s1-000069]; [@b41-ehp0114s1-000069]; [@b42-ehp0114s1-000069]).

Given the observed and hypothesized effects of nitrate on vertebrate reproduction and growth, we investigated the relationships between low concentrations of nitrate and several reproductive variables in wild female mosquitofish captured from eight Florida springs. The range of nitrate concentrations in the sampled springs (0.2--5.1 mg/L NO~3~--N) is representative of most Florida springs ([@b17-ehp0114s1-000069]). We also considered the potential influence of four other environmental parameters: temperature, pH, conductivity, and dissolved oxygen. In addition to this primary objective, the second purpose of this study was to describe the reproductive biology of female *Gambusia holbrooki* from the sampled populations.

Methods
=======

Field collections and water quality
-----------------------------------

Between 21 May and 7 June 2003, adult female *G. holbrooki* (eastern mosquitofish) were collected using 3-mm mesh dip nets or seines from eight Florida springs with varying degrees of nitrate contamination. The sampled springs are located along the Santa Fe and Suwannee Rivers in northcentral Florida. Fish were selected if they were mature. This was judged by size in the field and confirmed during necropsy based on presence of differentiated follicles. Mature fish from the sampled springs exhibited a standard length ≥ 2 cm.

As fish were captured, they were randomly parsed into one of two groups. Fish placed in the group for estradiol analysis (*n* = 13--17 per spring) were immediately chilled on ice. Fish used for necropsy (*n* = 30 per spring) were taken live to the laboratory, using aerated coolers filled with water taken from the capture site. Fish in the necropsy group were dissected within 1 day of capture to examine ovarian and hepatic weight, embryo number, and embryo dry and wet weight.

On the day of the collection, between 1200 and 1500 hr, water quality data were obtained at the location where fish were captured. Water temperature, pH, and conductivity were measured using a handheld Ultrameter (Model 6P; Myron L Company, Carlsbad, CA). Dissolved oxygen was measured using a YSI oxygen probe (Model 550A; YSI Life Sciences, Yellow Springs, OH). In addition, water samples were filtered through a 1-μm glass fiber filter (Millipore Cat. No. AP4004700), chilled on ice, and stored at −20°C until they were analyzed for nitrate using an auto-analyzer (Bran+Luebbe Technicon II with colorimeter; Bran+Luebbe, Buffalo Grove, IL). This method uses a copper--cadmium column to reduce nitrate to nitrite, which then reacts to form a colored solution that can be assayed colorimetrically. Therefore, nitrate concentrations are reported as parts per million (milligrams per liter) nitrogen in the form of nitrate and nitrite combined (NO~3~--N).

Unlike most surface water sites, spring water arises from ground water sources. Water quality and chemistry of spring water primarily reflect the composition of the underground aquifer rock with which it comes in contact during its time underground (residence time) ([@b35-ehp0114s1-000069]). This fact suggests that water quality of spring water is more stable over time compared with that of other surface waters. Residence times range from several days to thousands of years, depending on the geology and flow rate of the spring \[reviewed in [@b35-ehp0114s1-000069]\]. Our study depends on water data taken only at the time of our fish collections; therefore, we cannot describe temporal variation in water quality. However, given the underground source of spring water, it is likely that our measured values are representative of spring conditions over the short term (weeks to months and possibly years) preceding our study. This statement is supported by other water data we collected during 2003 (unpublished data) and the emerging database on spring water quality initiated by Florida's Suwannee River Water Management District (available online at <http://www.srwmd.state.fl.us/water+data/surfacewater+quality/search+surfacewater+quality+data.asp?county_code=F001&Submit=GO>).

Body size and dissections
-------------------------

Adult standard length (SL) was measured to the nearest 0.01 cm from the snout tip to the caudal peduncle using calipers. Fish were blotted dry and weighed with an electronic balance to the nearest milligram. Ovaries and livers were removed and weighed to the nearest 0.1 mg. Ovarian wet weight ranged from 1.6 to 874.2 mg, ovarian dry weight ranged from 0.3 to 200.3 mg, and hepatic weight ranged from 1.6 to 94.8 mg. Mature females were considered reproductive if their ovaries contained at least one vitellogenic (yellow rather than white) oocyte. To assess fecundity, we determined the developmental stage of the oocytes/embryos \[based on [@b15-ehp0114s1-000069]\], and counted embryos that were stage 3 or older (postfertilization). Counted embryos were dried in an oven for 24 hr at 40°C. In *Gambusia*, embryos develop within the ovary in synchronized waves and account for most of the ovarian weight. Therefore, mean embryo weight, both wet and dry, for each female was calculated by dividing the total wet and dry weight of a brood by the embryo number ([@b27-ehp0114s1-000069]). For stage 11 embryos (just before birth), wet weights are slightly exaggerated by the presence of yolked ovarian follicles under development as part of the subsequent brood.

Estradiol concentration
-----------------------

17β-Estradiol concentrations were measured on extracts of mosquitofish tissue using enzyme immunoassay (EIA) kits (Cat No. 582251) purchased from Cayman Chemical Company (Ann Arbor, MI) and validated in our lab for this purpose. All body tissue posterior to the gonad and anal fin was collected from each fish, and the fresh wet weight obtained after the caudal fin was removed. This tissue is primarily muscle and will be referred to as muscle for the remainder of the article. Tissue was stored at −80°C until it was thawed on ice, homogenized in 1 mL 65 mM borate buffer (pH 8.0), and extracted twice with 5 mL diethyl ether. For each extraction, the ether and homogenate were mixed for 2 min using a multitube vortex mixer. For the first extraction, tubes were allowed to settle for three minutes to separate phases. For the second extraction, phases were separated by centrifugation for 2 min. After phase separation, the aqueous portion was frozen in a methanol bath chilled to −25°C with dry ice. The lipophilic layers from both extractions were combined in a new tube, and the ether was evaporated under dry forced air. Dry extract was reconstituted in up to 4 mL EIA buffer and diluted as necessary (up to 1:100) so that samples would fall within the range of the standard curve. EIAs were run as recommended by Cayman with an 18-hr refrigerated incubation to increase sensitivity. Data were quantified against a standard curve that was linearized using a logit transformation of B/Bo (bound sample/maximum bound).

Statistics
----------

At the beginning of our analysis, we intended to evaluate relationships between water quality factors, such as nitrate, and various measured reproductive variables. However, as we progressed through the analysis, it became clear that several response variables were interrelated and that these relationships needed to be described before we could examine the influence of water quality on reproduction.

Relationships among reproductive variables
------------------------------------------

To examine how different reproductive variables related to each other, we combined the study populations and constructed a correlation matrix based on data from individual fish. Estradiol concentrations were not included in the matrix because they were measured on a separate subset of fish (separate subsets were used to avoid altered sex steroid concentrations due to capture stress). To improve linearity, all data (except embryo stage) were log~10~ transformed. After the correlation analysis, co-linear pairwise combinations of reproductive variables were visualized using simple regression. Ovarian weight, embryo number, and embryo wet weight were strongly related to more than one other response variable. Therefore, for these variables, we used forward stepwise regression to rank the relative importance of each regressor.

Relationships among water quality parameters and reproductive variables
-----------------------------------------------------------------------

To determine which environmental parameters were important predictors of the measured reproductive variables, we used forward stepwise regression. Sampling order (expressed as days since first day of sampling) and the five water parameters (NO~3~--N, temperature, conductivity, dissolved oxygen, pH), expressed as a mean for each spring, were entered as independent variables. Their collective statistical influence was evaluated for each dependent variable, also expressed as a mean or adjusted mean. Adjusted means, based on a common regression slope, were calculated using ANCOVA following log-log transformation. Dependent variables included body size (SL, weight) and condition \[expressed as mean (log~10~ weight) adjusted for (log~10~ SL)\], estradiol concentration \[log~10~ (E~2~ + 1)\], embryo weight (wet and dry), number of nonreproductive, mature females captured (of 30 total from each spring), hepatic weight adjusted for body weight, and embryo number adjusted for standard length. Results from the correlation/simple regression analyses indicated that embryo number correlated positively with both standard length (*r*^2^ = 0.64, *p* \< 0.0001) and maternal body weight (*r*^2^ = 0.74, *p* \< 0.0001). However, compared with body weight, SL is a more appropriate covariate because it is independent of the response variable (embryo number).

When more than one independent variable entered into the stepwise model, we calculated partial correlation coefficients using a partial correlation matrix of the dependent and relevant independent variables.

Possible colinearities between pairs of independent variables were assessed using a correlation matrix. No significant colinearities were detected among water quality parameters (*r*^2^ \< 0.41, *p* \> 0.09 for all pairwise correlations). However, nitrate concentration and sampling date were (unintentionally) correlated (*r*^2^ = 0.5, *p* = 0.05); that is, the two high nitrate springs were sampled first.

At the conclusion of the stepwise analysis, we visualized the effects of single independent variables (water parameters) on individual response variables (averaged for each spring) using simple linear regression. We observed that temperature was an important predictor for several reproductive variables. However, for all these variables, particularly condition, the significant influence of temperature was driven by a lower temperature at Ruth Spring. The temperature of Ruth Spring was 0.9--1.8°C less than that of the other seven sites. Given that this difference is apparently small, we repeated the stepwise analysis after excluding temperature as an independent variable.

In addition to the above stepwise analysis, log~10~ (E~2~ + 1)-transformed estradiol concentrations were also compared among fish from the different springs using analysis of variance (ANOVA). Adjusted means were calculated (using a common regression slope for all sites) and compared using an analysis of covariance (ANCOVA) model in SPSS, version 12.0 (SPSS Inc., Chicago, IL). Homogeneity of slopes was confirmed for all tests. All other analyses were performed using Statview 5.0 (SAS Institute, Cary, NC), and results were considered significant at α = 0.05.

Outliers
--------

During the analysis, we omitted three measured estradiol values (2.5%) that were more than three SD values from the mean for all fish in the study. One female from Ruth Spring was omitted because she exhibited unusually high fecundity compared with the mean for all females in the study (245 vs. an average of 27 embryos *in ovario*).

Results
=======

Relationships among reproductive variables
------------------------------------------

Standard length and female body mass (log~10~-log~10~ transformed) were highly correlated (*r*^2^ = 0.95) ([Table 1](#t1-ehp0114s1-000069){ref-type="table"}). In addition, hepatic weight correlated positively with maternal body weight (*r*^2^ = 0.62) and embryo number correlated positively with SL (*r*^2^ = 0.64) ([Tables 1](#t1-ehp0114s1-000069){ref-type="table"} and [2](#t2-ehp0114s1-000069){ref-type="table"}). Adjusted hepatic weight was influenced by stage of embryonic development, being highest during the period of yolk deposition to the embryos (stages 0.5--2.5) and then dropping for the remainder of gestation ([Figure 1A](#f1-ehp0114s1-000069){ref-type="fig"}).

Ovarian weight and embryo number were also influenced by other life history variables ([Table 2](#t2-ehp0114s1-000069){ref-type="table"}). *Gambusia* embryos develop inside the maternal ovary and, according to our data, consistently gain wet weight during the course of gestation (as stage increases) ([Figure 1B](#f1-ehp0114s1-000069){ref-type="fig"}). Embryo dry weight also increases at the beginning of gestation but stabilizes between stages 4.5 and 8, then decreases as offspring approach parturition ([Figure 1C](#f1-ehp0114s1-000069){ref-type="fig"}). There appears to be a tradeoff between embryo number and embryo dry weight (but not wet weight), such that a female may have many smaller embryos or fewer large ones ([Tables 1](#t1-ehp0114s1-000069){ref-type="table"} and [2](#t2-ehp0114s1-000069){ref-type="table"}).The outcome of this tradeoff is influenced by maternal body weight because larger females generally produce more offspring, and those offspring exhibit increased wet weights in a manner that may be stage-dependent ([Table 2](#t2-ehp0114s1-000069){ref-type="table"}).

Water quality
-------------

[Table 3](#t3-ehp0114s1-000069){ref-type="table"} shows the collection sites and provides abiotic water data. Ranges across the eight springs for each water parameter were as follows: temperature: 21.4--23.2 °C; pH: 7.02--7.35; conductivity: 347--479 μS; dissolved oxygen: 0.39--5.22 mg/L; and NO~3~--N: 0.22--5.06 mg/L.

Relationships between water quality and reproduction
----------------------------------------------------

Detailed results of the stepwise regression analyses are shown in [Table 4](#t4-ehp0114s1-000069){ref-type="table"}. The direction of individual interactions is indicated by the partial correlation coefficients. With the five water parameters included, nitrate significantly predicted the number of non-reproductive females sampled from the springs ([Figure 2](#f2-ehp0114s1-000069){ref-type="fig"}). This correlation is confounded by sampling date as we inadvertently sampled the two high nitrate springs (Fanning and Ruth) first.

Temperature exhibited a negative relationship with condition and adjusted embryo number ([Figure 3](#f3-ehp0114s1-000069){ref-type="fig"}), and a positive relationship with embryo dry weight. Embryo dry weight was also related negatively to nitrate ([Table 4](#t4-ehp0114s1-000069){ref-type="table"}). However, for these three variables, the influence of temperature appears to be driven by the Ruth Spring data point, which is cooler than the other sites by \< 2°C. If Ruth Spring is excluded from the model, the negative relationship between temperature and adjusted embryo number becomes marginal (*r*^2^ = 0.53, *p* = 0.06), and the relationships between temperature and condition or embryo dry weight are lost (*p* \> 0.3).

With temperature excluded from the list of potential independent variables in the stepwise model, we found that nitrate still played a significant role in predicting embryo dry weight (negative relationship, [Figure 4](#f4-ehp0114s1-000069){ref-type="fig"}). We checked our data to be sure that this negative association between nitrate and embryo dry weight could not be explained by differences in stage among embryos from different springs ([Figure 1C](#f1-ehp0114s1-000069){ref-type="fig"}). However, this relationship is again driven by data from Ruth Spring. If Ruth Spring is removed from the analysis, the relationship between embryo dry weight and nitrate concentration becomes nonsignificant (*p* = 0.4).

Dissolved oxygen was the only variable to enter into the stepwise model for predicting adjusted hepatic weight ([Figure 5](#f5-ehp0114s1-000069){ref-type="fig"}). Again, this association between oxygen concentration and hepatic weight could not be explained by differences in developmental stage of the embryos ([Figure 1A](#f1-ehp0114s1-000069){ref-type="fig"}). Based on our data, embryo wet weight and maternal estradiol concentrations were not influenced by the water quality parameters we measured ([Table 4](#t4-ehp0114s1-000069){ref-type="table"}, [Figure 6](#f6-ehp0114s1-000069){ref-type="fig"}). In addition, we did not observe significant differences in muscle estradiol concentrations among springs (*p* = 0.15).

Discussion
==========

At the outset of our study, we hypothesized that low concentrations of environmental nitrate would be related to changes in reproduction and growth of mosquitofish captured from Florida springs based on a hypotheses we had developed previously ([@b13-ehp0114s1-000069]). With all springs included, our data indicate a significant association between increasing nitrate and reduced embryo dry weight. We also observed a strong relationship between increased nitrate and reduced reproductive activity among mature females. In addition to these findings regarding nitrate, we observed that many of the measured reproductive variables were interrelated, as expected from previous studies of the reproductive biology of vertebrates. Finally, variation in *Gambusia* body size and embryo number and dry weight were related to temperature, and hepatic weight was related to dissolved oxygen concentration.

Relationship between nitrate and reduced embryo dry weight
----------------------------------------------------------

We hypothesize that the observed negative relationship between nitrate and embryo dry weight is due to nitrate-induced alterations in endocrine function. It has been shown that nitrate can influence nitric oxide synthesis as well as cellular ion concentrations and enzyme actions. Our data did not pinpoint a mechanism of action for the observed change in embryo dry weight. One plausible mechanism could involve alterations in thyroid function. Although the relationship between nitrate and embryo dry weight was primarily driven by data obtained from Ruth Spring (which had the highest nitrate concentration of the springs tested), the observation is worthy of further consideration. Environmentally relevant concentrations of nitrate have been shown to reduce thyroid function, feeding behavior, and growth rate in a variety of vertebrates such as sharks, amphibians, and mammals ([@b2-ehp0114s1-000069]; [@b8-ehp0114s1-000069]; [@b16-ehp0114s1-000069]; [@b33-ehp0114s1-000069]; [@b43-ehp0114s1-000069]; [@b44-ehp0114s1-000069]). Nitrate exposure has been associated with goiter and reductions in plasma thyroxine (T~4~), plasma triiodothyronine (T~3~), iodine availability, iodine uptake, hypothalamic concentrations of growth hormone releasing factor, and plasma concentrations of somatomedin-C and IGF1(insulin-like growth factor 1), which are part of the growth hormone axis ([@b8-ehp0114s1-000069]; [@b16-ehp0114s1-000069]; [@b23-ehp0114s1-000069]; [@b37-ehp0114s1-000069]; [@b44-ehp0114s1-000069]). The importance of thyroid function during development and growth suggests that embryos, fetuses, and juveniles could be more susceptible than adults to the disruptive effects of nitrate exposure.

Relationship between nitrate and reduced reproductive activity
--------------------------------------------------------------

In addition to the observed relationship between low embryonic growth and nitrate, we noted that the number of reproductive females captured during sampling was negatively related to nitrate concentration. That is, as nitrate levels went up, fewer reproductive females (less than 54% in Fanning Spring) were captured relative to the total number of sexually mature females caught. This correlation is confounded by sampling date as we inadvertently sampled the two high nitrate springs (Fanning and Ruth) first. However, on the basis of other *Gambusia* life history studies, we reason that it is unlikely that differences in sampling date fully explain the observed variation in number of reproductively active females. First, [@b20-ehp0114s1-000069] reported that vitellogenesis and pregnancy in *Gambusia affinis* require threshold temperatures of 14°C and 18°C, respectively, regardless of daylength. Data taken in February 2003 and again during collections in May 2003 indicate that water temperature in both springs exceeded 21°C in both February and May (Edwards TM, unpublished data; Suwannee River Water Management District online searchable database (<http://www.srwmd.state.fl.us/water+data/surfacewater+quality/search+surfacewater+quality+data.asp?county_code=F001&Submit=GO>). Second, data collected in 2001 and 2002 from *G. holbrooki* populations in lakes in central Florida predict that pregnancy rates in May should be ≥ 90% ([@b10-ehp0114s1-000069]).

Because *Gambusia* incorporate yolk into oocytes before fertilization ([@b19-ehp0114s1-000069]), our observation of reduced reproductive activity in association with increased nitrate exposure does not imply disrupted fertilization. Rather, it suggests that nitrate, or its metabolites (nitrite, nitric oxide) can influence some aspect of vitellogenesis or vitellogenin sequestering during oogenesis. Vitellogenesis occurs in the liver and is stimulated by estrogens ([@b38-ehp0114s1-000069]). If estrogens are decreased by nitrate or by its metabolites (as hypothesized in our introduction), then vitellogenesis could be similarly decreased. [@b42-ehp0114s1-000069] demonstrated that *in vitro* steroidogenesis by rat granulosa cells could be decreased by exposure to a nitric oxide donor. We did not find a relationship between estradiol concentration in the body tissue and nitrate concentrations in the springs. Nor did we observe a relationship between estradiol and frequency of reproductive females. However, it is possible that nitrate may alter the action of estradiol in the liver. Alternatively, the reduced frequency of reproductively active females could be due to a delayed onset of seasonal reproductive activity among some females in the population. Both hypotheses require further testing.

Interrelated reproductive variables---implications for the gonadosomatic index
------------------------------------------------------------------------------

Our data show that the relationship between ovarian weight and body mass, traditionally expressed as the gonadosomatic index (GSI), is complicated by gestational wet weight gain and also embryo number, which in turn is influenced by maternal body mass and embryo dry weight ([Table 2](#t2-ehp0114s1-000069){ref-type="table"}). Since females in any given population are not synchronized with regard to gestational stage, it could be misleading to compare populations using GSI as a singular measure of reproductive health or fecundity (as is a common practice in the piscine literature) without knowing the gestational stage or degree of tradeoff between embryo size and number. We discourage the use of GSI for this purpose in future mosquitofish studies.

Relationship between hepatic weight and dissolved oxygen
--------------------------------------------------------

Hypoxia in the springs was related to increased adjusted hepatic weight and explained 84% of the variance in this variable. In cultured mammalian hepatocytes and whole animals, hypoxia and related acidosis stimulate sodium accumulation in liver cells, which causes cell swelling. If this swelling is not excessive, the cell membrane will remain intact and the cell will avoid necrosis ([@b4-ehp0114s1-000069]). In addition, necrosis is also avoided if hepatocytes are preconditioned by early but intermittent exposure to hypoxia ([@b5-ehp0114s1-000069]), as may be the case for wild *Gambusia*. We informally screened hepatic histology for several male fish captured with the females in our study and did not observe necrotic cells in fish from low or high oxygen sites.

Matrotrophy
-----------

We have noted in the literature that *Gambusia* are classified as lecithotrophs ([@b7-ehp0114s1-000069]). However, our data suggest that *Gambusia* are matrotrophic, at least during the first two thirds of development (through stage 8), when both embryo dry weight and wet weight are stable or rising ([Figures 1B, C](#f1-ehp0114s1-000069){ref-type="fig"}). [@b27-ehp0114s1-000069] observed a similar increase in *Gambusia* embryo dry weight during gestation. In our study, hepatic weight (adjusted for body weight) was highest during the period of yolk deposition to the embryos (stages 0.5--2.5) ([Figure 1A](#f1-ehp0114s1-000069){ref-type="fig"}) and then dropped for the remainder of gestation. This suggests that vitellogenesis is greatest at the beginning of gestation ([@b19-ehp0114s1-000069]). Although vitellogenesis apparently drops by stage 3, embryos gain or maintain dry weight through to stage 8. Between stages 8 and 11, the yolk sac diminishes rapidly and some dry weight is lost ([Figure 1C](#f1-ehp0114s1-000069){ref-type="fig"}). On the basis of these observations, we suggest that *Gambusia* exhibit some direct, matrotrophic support of embryo growth during the first two thirds of development and rely on egg yolk reserves for the completion of gestation. This observation of matrotrophy in *Gambusia* is supported by other recent evidence of maternal nutrient transfer ([@b26-ehp0114s1-000069]). The gain in wet weight before birth (a 4-fold increase on average) could be adaptive in that larger larvae often exhibit better survivorship ([@b14-ehp0114s1-000069]).

Conclusion
==========

Our data suggest that growth and reproductive parameters in *Gambusia* are highly interrelated and subject to influence from a variety of environmental factors, including nitrate, temperature, and dissolved oxygen. In particular, nitrate exposure is related to reduced dry weight of developing *Gambusia* embryos during gestation and reduced rate of reproductive activity among mature females. These findings, along with those of other studies cited here, suggest that nitrate could act as an endocrine disruptor as previously suggested ([@b13-ehp0114s1-000069]), thereby affecting signaling patterns associated with the thyroid, liver, and gonad. The mechanisms associated with these alterations require extensive study because nitrate contamination of aquatic ecosystems is a major global concern.
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![(*A*) Mean maternal hepatic weight, adjusted for body weight; (*B*) embryo wet weight; and (*C*) embryo dry weight plotted by embryonic stage \[stages based on [@b15-ehp0114s1-000069]\]. Graphs represent data pooled from all eight springs. Data at stage 3.5 were limited to a single female. Embryo weights represent the sum of the embryo and yolk sac. We did not obtain oocyte/embryo weight data at stages younger than 3 because those oocytes are small, variable in size, and possibly unfertilized. Error bars indicate ± 1 SE.\
\*The collective mean dry weight of embryos between stages 4.5 and 8 (enclosed in box on graph) was significantly greater than the collective mean dry weights of embryos either younger or older (ANOVA: Scheffe's post-hoc test, *p* \< 0.05).](ehp0114s1-000069f1){#f1-ehp0114s1-000069}

![Percentage of nonreproductive, mature females sampled from Florida springs with varying nitrate concentrations. Fish were sampled during the reproductive season. Total samplings from each spring consisted of 30 mature females. *r*^2^ = 0.57, *p* = 0.03.](ehp0114s1-000069f2){#f2-ehp0114s1-000069}

![Mean embryo number, adjusted for maternal body weight for females captured in Florida springs with varying temperatures. Graph shows mean ± 1 SE. *r*^2^ = 0.76, *p* = 0.005.](ehp0114s1-000069f3){#f3-ehp0114s1-000069}

![Embryo dry weight (mg) for embryos taken from females captured in Florida springs with varying concentrations of nitrate. Graph shows mean ± 1 SE. *r*^2^ = 0.56, *p* = 0.003.](ehp0114s1-000069f4){#f4-ehp0114s1-000069}

![Mean hepatic weight, adjusted for body weight, for females captured in Florida springs with varying dissolved oxygen concentrations. Graph shows adjusted mean ± 1 SE. *r*^2^ = 0.85, *p* = 0.001.](ehp0114s1-000069f5){#f5-ehp0114s1-000069}

![Muscle estradiol concentrations for females from each spring. Graph shows mean ± 1 SE. Means are not statistically different (ANOVA, *p* = 0.15). Numbers at base of data columns indicate sample size.](ehp0114s1-000069f6){#f6-ehp0114s1-000069}

###### 

Linear relationships among response variables measured in adult female *G. holbrooki* collected from eight Florida springs.

  Response variable                                                   Correlated with                                                 *r*     *r*^2^   *p*-value
  ------------------------------------------------------------------- --------------------------------------------------------------- ------- -------- -----------
  Body weight                                                         Standard length                                                 0.98    0.95     \< 0.0001
  Hepatic weight                                                      Body weight                                                     0.79    0.62     \< 0.0001
  Embryo dry weight[a](#tfn1-ehp0114s1-000069){ref-type="table-fn"}   Embryo number[a](#tfn1-ehp0114s1-000069){ref-type="table-fn"}   −0.32   0.10     \< 0.0001

Analyses involving embryo number or embryo weight include embryos at stage 3 or greater; staging based on [@b15-ehp0114s1-000069].

###### 

Results of forward stepwise regression analysis of response variables with more than one significant regressor. Data were measured in adult female *G. holbrooki* collected from eight Florida springs.

  Response variable                                                                                                     Step   *r*^2^   *p*-value   Regressors                                                          Partial *r*
  --------------------------------------------------------------------------------------------------------------------- ------ -------- ----------- ------------------------------------------------------------------- -------------
  Ovary weight                                                                                                          1      0.86     \< 0.0001   Body weight                                                         0.93
                                                                                                                        2      0.91     \< 0.0001   Body weight                                                         0.92
                                                                                                                                                    Stage                                                               0.57
                                                                                                                        3      0.97     \< 0.0001   Body weight                                                         0.69
                                                                                                                                                    Stage                                                               0.82
                                                                                                                                                    Embryo number                                                       0.82
  Embryo number[a](#tfn2-ehp0114s1-000069){ref-type="table-fn"}                                                         1      0.64     \< 0.0001   Standard length                                                     0.80
                                                                                                                        2      0.77     \< 0.0001   Standard length                                                     0.86
                                                                                                                                                    Embryo dry weight[a](#tfn2-ehp0114s1-000069){ref-type="table-fn"}   −0.61
  Embryo wet weight[a](#tfn2-ehp0114s1-000069){ref-type="table-fn"}, [b](#tfn3-ehp0114s1-000069){ref-type="table-fn"}   1      0.66     \< 0.0001   Stage                                                               0.81

Analyses involving embryo number or embryo weight include embryos at stage 3 or greater; staging based on [@b15-ehp0114s1-000069].

Embryo wet weight was positively correlated with both stage (shown) and maternal body weight (*r*^2^ = 0.21, *p* \< 0.0001). However, when both are included in a stepwise regression model for embryo wet weight, only stage enters the model.

###### 

Florida collection sites for female *G. holbrooki*. Water parameter values (± 1 SE) were obtained at the time and location(s) of the fish collection.

  Spring and GPS location          Collection date (2003)   Temperature (°C)   pH            Conductivity (μS)   DO (mg/L)     NO~3~--N (mg/L)
  -------------------------------- ------------------------ ------------------ ------------- ------------------- ------------- -----------------
  Blue                                                                                                                         
   N 29°49'49.2"; W 082°40'56.6"   2 June                   23.2               7.27          346.5               5.22          1.51
  Fanning                                                                                                                      
   N 29°35'15.0"; W 082°56'08.0"   21 May                   22.60 ± 0.06       7.09 ± 0.01   470.9 ± 3.6         1.89 ± 0.20   4.03 ± 0.41
  Hart                                                                                                                         
   N 29°40'30.4"; W 082°57'05.0"   5 June                   22.35 ± 0.25       7.10 ± 0.01   402.1 ± 0.9         0.39 ± 0.07   0.81 ± 0.04
  Lily                                                                                                                         
   N 29°49'48.6"; W 082°39'37.7"   7 June                   22.3               7.19          425.1               0.84          0.32
  Manatee                                                                                                                      
   N 29°29'20.6"; W 082°58'40.0"   5 June                   22.85 ± 0.25       7.16          479.1 ± 0.6         1.94 ± 0.14   1.26 ± 0.16
  Peacock                                                                                                                      
   N 30°07'18.0"; W 083°07'57.0"   24 May                   22.50 ± 0.44       7.35 ± 0.07   362.2 ± 1.6         2.02 ± 0.27   1.69 ± 0.15
  Poe                                                                                                                          
   N 29°49'33.0"; W 082°38'58.0"   28 May                   22.40 ± 0.06       7.19 ± 0.01   415.1 ± 0.2         0.59 ± 0.28   0.22 ± 0.01
  Ruth                                                                                                                         
   N 29°59'44.0"; W 082°58'38.0"   24 May                   21.37 ± 0.50       7.02 ± 0.07   404.2 ± 4.3         1.17 ± 0.44   5.06 ± 0.61

Abbreviations: DO, dissolved oxygen; GPS, global positioning satellite.

###### 

Relationships among water quality parameters and response variables measured in adult female *G. holbrooki* collected from eight Florida springs.

  Response variable                                                                            Step   *r*^2^   *p*-value   Water parameter   Partial *r*
  -------------------------------------------------------------------------------------------- ------ -------- ----------- ----------------- -------------
  Standard length                                                                              0                                             
  Body weight                                                                                  0                                             
  Condition                                                                                    1      0.56     0.03        Temperature       −0.75
  Adjusted hepatic weight                                                                      1      0.85     0.001       Dissolved O~2~    −0.92
  Adjusted embryo number                                                                       1      0.76     0.005       Temperature       −0.87
  Mean embryo dry weight                                                                       1      0.68     0.012       Temperature       0.82
                                                                                               2      0.83     0.01        Temperature       0.78
                                                                                                                           NO~3~--N          −0.69
  Mean embryo wet weight                                                                       0                                             
  Estradiol                                                                                    0                                             
  Number of nonreproductive females[a](#tfn5-ehp0114s1-000069){ref-type="table-fn"}            1      0.57     0.03        NO~3~--N          0.75
  With temperature removed from the analysis[b](#tfn6-ehp0114s1-000069){ref-type="table-fn"}                                                 
   Condition                                                                                   0                                             
   Adjusted hepatic weight                                                                     1      0.85     0.001       Dissolved O~2~    −0.92
   Adjusted embryo number                                                                      0                                             
   Mean embryo dry weight                                                                      1      0.56     0.03        NO~3~--N          −0.75
   Number of nonreproductive females[a](#tfn5-ehp0114s1-000069){ref-type="table-fn"}           1      0.57     0.03        NO~3~--N          0.75

Number of nonreproductive females was also explained by sampling date, which correlated with nitrate concentration (see [Table 3](#t3-ehp0114s1-000069){ref-type="table"} for sampling dates).

With the exception of the robust relationship between temperature and embryo number, the significant influence of temperature is largely driven by a lower temperature at Ruth Spring, which is 0.9 to −1.8°C less than that at the other seven sites. Given that this is a seemingly small difference, we repeated the stepwise analysis after excluding temperature as an independent variable.
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